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Summary

In this paper, a wave based model is developed for the investigation of the direct sound transmission through
double walls with structural connections placed between two rooms. The modal behaviour of the rooms and the
structure is taken into account. Point and line connections with an increasing degree of complexity are introduced
in the double wall model to incorporate the effect of structure-borne paths. The studs and ties are modeled as
rigid connections or a combination of translational and rotational springs. Alternatively, the studs are modeled as
beams, accounting for the modal behaviour of the studs. The wave based results are compared with experiments
and infinite plate models based on a decoupled approach or a periodic approach. It is shown that the finite dimen-
sions can have a significant influence on the sound insulation, both at low frequencies and at higher frequencies.
The pass- and stop-band behaviour predicted for periodic structures cannot fully develop in finite double walls.
Furthermore, the stud spacing can influence the resonant behaviour of the TL at low and mid frequencies, but has

limited effect at higher frequencies.

PACS no. 4355.Ka, 43.55.Rg, 43.55.Ti

1. Introduction

Double walls are widely used in buildings as internal par-
titions or as party walls between apartments. This type
of walls can provide good sound insulation with a rela-
tively low weight. The acoustic performance of double leaf
walls is often determined by structure-borne sound trans-
mission through mechanical links between the two leaves,
like studs or ties. The transmission loss (TL) of double
panels with structural links has been studied extensively
in literature, both experimentally and theoretically.

Hongisto et al. [1] carried out a comprehensive exper-
imental parametric study of steel double walls, includ-
ing both uncoupled walls and walls coupled by steel or
wooden studs. For the double walls with studs, the stiffness
or type of the stud and the spacing of the screws between
the panel and the stud were the most influencing param-
eters. The stud spacing did have less influence on the TL
than expected, especially at high frequencies, although it
did strongly influence the resonance dips at lower frequen-
cies for the double panels with wooden studs.

Structural coupling can be simply introduced in statisti-
cal energy analysis (SEA) models as a coupling loss factor
between the plates [2]. Craik and Wilson [3] developed ex-
pressions for the case of point connections and applied the
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models to masonry cavity walls with metal ties. Craik and
Smith [4] elaborated expressions for coupling loss factors
for line connections using either beam or plate theory for
the stud. SEA predictions were compared with measure-
ments of plasterboard walls screwed to a wooden frame. A
transition from line to point coupling behaviour was found
when half a bending wavelength fits between two screws
on the plate.

Semi-analytical prediction models [5, 6, 7, 8, 9] address
the sound transmission through double walls with struc-
tural links by decoupling the total transmission in terms of
an airborne path through the cavity and a structure-borne
path through the structural links, under the assumption of
infinite plates and diffuse incident sound fields. Sharp [5]
developed semi-analytical formulas for rigid and massless
point or line connections. Fahy and Gardonio [6] extended
the models to incorporate the mass of the studs. Davy [7]
included the compliance of the studs and modeled the line
connections as mass-spring-mass systems. He accounted
for the resonant response of the panels so that the semi-
analytical model can also be used around and above the
critical frequency of the panels. Vigran [8] incorporated
the theory of Sharp for massless and rigid connections in
a transfer matrix setup. Reasonable agreement was found
with TL measurements of lightweight constructions with
wooden studs and a heavy wall. In [9], the transfer ma-
trix model was further extended to include flexible studs.
These semi-analytical models all use a smeared represen-
tation of the structural connections, i.e. the connections are
assumed to be distributed uniformly between the panels. In
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this way, the discrete placing of the point and line connec-
tions is disregarded and periodic effects are not accounted
for.

A second type of analytical models assume infinite
structures with periodically placed studs [10, 11, 12, 13,
14, 15, 16]. The periodicity of the structure allows the use
of Fourier transform techniques to solve the problem in
the wavenumber domain. Lin and Garrelick [10] investi-
gated the TL of double walls with rigid, massless studs.
Brunskog and Hammer [11] applied the Fourier transform
technique for the prediction of the impact sound level of
lightweight floors with rigid studs. The model was im-
proved by Mosharrof et al. [12] by including beam ele-
ments and the effect of moment reactions between beams
and plates. Wang et al. [13] showed the influence of the
pass- and stop-bands of periodic structures by comparing
a periodic model with a smeared model. The studs were
modeled as translational and rotational springs. Legault
and Atalla [14] investigated the TL of a double aluminum
panel by means of periodic plate models with an increas-
ing amount of complexity. The studs were either modeled
as rigid and massless, as mass-spring-mass connections or
as beam elements. The models were also compared with
the decoupled approaches of Sharp [5], Fahy [6] and Davy
[7]. They further investigated the effect of resilient mounts
between the panel and the studs in [15]. Xin and Lu [16]
extended the Fourier transform technique to double pan-
els with periodically placed studs in two orthogonal direc-
tions.

The assumptions made in the analytical and statistical
models, like high modal density and modal overlap, are
often not satisfied in laboratory and real conditions. Previ-
ously, the author has developed a wave based model to pre-
dict the airborne sound transmission through double walls
between two rooms, taking into account the modal be-
haviour of the rooms and the structure [17]. It was shown
that the modal behaviour of the double wall can play an
important role in a broad frequency range. In this paper,
the sound transmission through finite double walls with
structural point or line connections is investigated. Rela-
tively few studies treating this problem have been reported
in literature. Diaz-Cereceda et al. [18] used modal analy-
sis to predict the vibration level difference between cou-
pled plates in the case of mechanical excitation. They for
example investigated the influence of the position of the
studs, showing that a stud at the border of a plate leads to a
larger vibration transmission than a stud in the middle. Ar-
junan et al. [19] developed a finite element model for the
airborne sound transmission through gypsum plasterboard
walls with steel studs. Due to the high computational cost,
calculations were only performed at three frequencies per
1/3 octave band. The computational efficiency of the wave
based model allows a more detailed analysis of the TL over
frequency, which is important when the fluctuations due to
the modal behaviour are large.

Most studies described above use simplified theoreti-
cal models for the structural connections. Typically, ideal
point or line connections are assumed. Often, the connec-
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tions are assumed rigid [5, 8, 10, 11] or modeled as trans-
lational and/or rotational springs [7, 9, 13]. The stiffness
of the springs can be frequency dependent [9, 20, 21].
More refined models have also been used for the studs
in double walls, applying beam theory [12, 16], plate
theory [4] or full 3D models [19]. Galbrun [22] exam-
ined the applicability and limitations of these fundamental
theories by comparing measurements and simulations for
point-connected lightweight structures consisting of tim-
ber beams and plasterboard plates. Simple point models
proved only valid at low and mid frequencies, and it was
shown that both force and moment transmission across
studs should be accounted for.

In this paper, a deterministic wave based model (WBM)
is developed to assess the direct sound transmission
through double walls with structural connections placed
between two rooms. Point and line connections with an
increasing amount of complexity are introduced in the
original model for double walls [17]. The model, which
is described in detail in section 2, is used to investigate
the sound transmission through several types of double
walls with structural connections. The test panels used in
the study are described in section 3. The WBM results
are compared with semi-analytical and periodic infinite
plate model results in section 4. A parametric study fur-
ther shows the influence of stud properties, stud spacing,
edge connections, and room dimensions on the TL. The
models are validated with experimental results in section
5. Conclusions are given in section 6.

2. Wave based model

2.1. Problem definition

Figure 1 gives a schematic overview of the model. A rect-
angular double wall with dimensions Ly, and L, is placed
between two 3D rectangular rooms with rigid side and
back walls. Source and receiving room have dimensions
LS) X Ly) X LS) and Lf) x L(y3) X LS), respectively. The
side walls of the cavity with dimensions Lf) X L(y2> X Liz)
are also assumed rigid. A harmonic volume point source
is placed in the source room at position (xs, ys, zs). Flank-
ing transmission is neglected. The plates have simply sup-
ported boundary conditions and are assumed homoge-
neous, isotropic and acoustically thin. The two plates are
connected by Ny point connections and Nj vertical line
connections. It is assumed that the vertical line connec-
tions extend over the entire height of the w all, i.e. that they
have a length of L,,. Horizontal line connections are not
considered in this section but can be taken into account in
a similar way. The point and line connections are modeled
as massless rigid or massless spring connections. Alterna-
tively, a beam model is used for the line connections.

2.1.1. Rooms and air cavity

The source room is divided into two subdomains (V' and
V(D) by a plane through the point source, parallel to the
back wall. It is assumed that the structural connections in
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Receiving room

Source room

Figure 1. Geometry of the wave based model: a double wall with
structural point and line connections, placed between two rooms
with rigid side and back walls.

the cavity (V@) of the double wall are acoustically trans-
parent, i.e. that they do not block the acoustic waves in the
cavity. Brunskog [23] showed that this assumption is valid
when structure—borne transmission dominates over the air-
borne path. When cavity absorption is present, the effect of
the partitioning on the sound field in the cavity will even
be smaller [15]. The steady-state acoustical pressure p;")
in each (sub)room V® (i = 0...3) is governed by the
homogeneous Helmholtz equation,

V2O +kp” = 0. (1)

k, = ff’—a is the acoustic wave number in air, with w the cir-
cular frequency and c, the speed of sound in air. The un-
derscore () denotes a complex value throughout the paper.
In source and receiving room, uniform spatial damping is
introduced by making the acoustic wave number complex,

: 122
M — _jo =2
K _ka<1 szT(i)>, @

where T® is the reverberation time of the room. f is the
frequency, j = v—1.

2.1.2. Rigid and spring connections

Each point connection (i = 1... N;) is modeled as a mass-
less translational spring with a stiffness Kj;. The stiffness
links the force F in the spring to the transverse displace-
ment of the two panels at the connection,

Wy e ) = w e ) = 25, 3
with (x;, ys;) the position of point connection i. ﬂél) is the
transverse displacement of the first panel at the source side
and ml(f) is the transverse displacement of the second panel
at the receiving side.

Each line connection (i = 1...N;) is modeled as a
combination of a massless translational spring with stiff-
ness per unit length K;; and a massless rotational spring
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with stiffness per unit length K};. The force F| and mo-
ment M. per unit length for each line connection i are
linked to the displacement and rotation of the two panels
at the line connection by

FL.(»
D 0 — @ (v i
Wy (x y) = W (i ) = K €]
ow (i y)  dwP ) M) s
0x ox - Kr,i ’

with x); the position of the vertical line connection i.

Rigid point and line connections can be incorporated in
a straightforward way by setting the compliances Cy; =
1/Ky, C;; = 1/K{; and C;, = 1/K]; equal to zero.

2.1.3. Beams

For beams with a symmetric cross-section, the transla-
tional displacement w, , and rotational displacement 6, .
of each beam (i = 1 ... N}) are governed by following un-
coupled equations:

_ F’(l) _ F’(z) (6)

—li =i

|
=a
|
= &~
S
o
3
o~
[ —
ik
aQ
|

o ’> 5 () )
Khia_yzl +Zbia_yz — oLy 0y, = M - M7 (7)

F ﬁl) and M. ﬁl) are the force and moment per unit length

exerted by plate 1 on the beam. F, ;l@ and M 11(.2) are the
force and moment exerted by plate 2. The beam bending
stiffness B, , torsional stiffness 7', . and warping stiffness
W, are defined as

B,, = Eni(1+ jnwi) 1, ®)
Ty, = Gu(1+ jio) Iy, ©)
W, = Evi(1+ jnoi) Lyi, (10)

with I,; the second moment of area with respect to the x-
axis, Jy; the torsional constant in the y-direction and I,
the warping constant. my; is the mass per unit length and
I, the moment of inertia per unit length of beam i. The
material of beam i has a Young’s modulus Ey;, a shear
modulus Gy; and a loss factor #,.

2.1.4. Plates
The transverse displacements y;f) of the plates (j = 1,2)
fulfil Kirchhoff’s thin plate bending wave equation,
[B’IV4 - wzm’l’] wlh) =
= =p

Ny

(D (2)
PV —p? = Y F b —xqy—y)] (D

—a
i=1

N, 0
_ Z [F;EI)S(x = Xu) — _Mﬁ”é(x — x|
|- ox—
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[B’V4 o) m2] @ =

—a

@ _ 0 < o
4 Ea +Zl[£s16(x Xsi» ¥ ySI)] (12)

N
+2 [ FP6(x - xu) - —M'(”é(x—xw ,

where the plate bending stiffness §; is defined as

_ER 1+ jnp)

= 13
= 12(1-v7) (13

m] = p;h; is the surface mass density and h; the thick-
ness of plate j. The material of plate j has a density p;,
a Young’s modulus E;, a loss factor #; and a Poisson’s
ratio v;. ¢ is the Dirac delta function. The equations of
motion account for the fluid loading and the forces and
moments exerted by the point and line connections. In
the case of rigid or spring connections, the forces and
moments exerted on plate 1 and plate 2 are the same:
O Fr<2) = F/ and M’(” _ Mr<2> - M

=l —li"

2.2. Field variable expansions

The acoustic pressures are approximated in terms of the
following acoustic wave function expansion:

D) _ Wt pl)
B0 = Y [e e

m,n

- cos %x cos %y , (14)
L Ly

2 2
KO, =4[ -(22) - (55). a9
L omn \/(—a ) L;,) L;,)

with m, n = 0,1,2,. ... The wave functions are exact solu-
tions of the homogeneous Helmholtz equation. The time
dependence e’ has been omitted throughout the paper.

Using Euler’s equation, equation (14) leads to following
wave function expansion for the air particle displacement
in the z-direction,

W = T Kz pi) _ oikO,z )
X [einepl) 0

w? Pa mn —mn

kD nr il
&Lmn cos <Lff)x> cos <L;i) y>, (16)

with p, the density of air.
The transverse displacement of the acoustically thin
plates (j = 1,2) is written as an expansion series,

"(J) _ ZA(» Sm( > sin <Lq—”y> , amn
py

with p, ¢ = 1,2,3,. ... These expansion functions satisfy a
priori the simply supported boundary conditions.

Kz 0 ]

where
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The forces and moments in each line connection (i =
1... Ny, j=1,2) are also written as an expansion series,

() ()
B = ZFI,; ( ) (18)
Lyy
~ /() )
Mli = Z Mlqu < ) : (19)
Ly,
The beam displacements (i = 1...
~ . qr
Wi = Zmbzi,q S <L_y> ! (20)
p py
A q
b, = Zebqusm <L—pyy> 1)

2.3. Boundary and continuity conditions

N)) are expanded as

For ease of notation, the boundary and continuity condi-
tions are written in a local coordinate system, where the
origin of the local coordinate systems is placed at the bot-
tom left corner of each room.

At the rigid back walls of source and receiving room,
the air particle displacement must be zero,

»O(x,»,0) =0, (22)
P (x,y, L) = 0. (23)

At the plates surfaces, continuity of transverse displace-
ment is imposed,

. 1 " A
Oy, L) = 9P y) = 9P (x, 3,00, (24)
. 2 5 5
PGy L) = 30(xy) = 80 (x,9.0). (25)

For the case of beams coupling the two plates, continuity
of transverse displacement and rotation is imposed,

ﬁ;l)(xli, y) =W .(y) = ﬁ;z)(xl,»,y), (26)

aﬁl(jl)(xli, y) R Oﬁ}()z)(xl,-, y)
o 00 = 27
0x —byl(y) Ox (27)

2.4. Construction of system matrices and post-
processing

Because the proposed pressure expansions are exact solu-
tions of the homogeneous Helmholtz equation, the partic-
ipation factors P(’) and Q(’) are only determined by the
boundary and continuity “conditions. The pressure expan-
sion functions satisfy a priori the rigid wall boundary con-
ditions. The other boundary and continuity conditions can
only be satisfied approximately, as only a finite number of
expansion functions can be taken into account. The cho-
sen number of wave functions is based on a truncation cri-
terium such that all wave functions with a wavenumber
smaller than two times the maximum natural wavenumber
in the system are taken into account [17]. The residuals on
the boundaries are minimized in an integral sense using a
Galerkin weighted residual formulation [17]. The sine and
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cosine wave functions used in the field variable expansions
are used as weighting functions. Because of the rectangu-
lar geometry, the factors P") and Q(’) can be eliminated

analytically in function of the unknowns A(/) by use of the
weighted residual formulation of the boundary and con-
tinuity conditions (22)-(25). Equations (12) and (13) for
the plates, equations (6) and (7) for the beams, and equa-
tions (3)-(5) for the spring connections are also solved by
means of a weighted residual formulation. This results in a
symmetric set of linear equations in the primary unknowns
A(f) F. F/(J) MY w_ and 0,
—li,q> —li,q°> —bzi,

The addmonal computatlonal effyort to include structural
connections in the wave based model is limited, because
the structural connections do not influence the original
matrix elements for the double wall model without struc-
tural connections. It only results in additional columns and
rOWS.

After the wave function contribution factors are deter-
mined, the TL is determined by following measurement
formula:

TL = Ly — Ly + 101g (S/A;). (28)

where L. and L, are the average sound pressure level in
emitting and receiving room, .S (= Ly L)) is the surface

area of the wall and A, = % K’Vr the absorption area of the

receiving room, with V; (= LmL(S)LO)) the volume and
T; the reverberation time. Calculations are performed at
81 frequencies per one-third octave band and averaged in
1/12 or 1/3 octave bands.

It can be noted here that it is not the aim of the pa-
per to follow the specifications of the standard ISO 10140
[24, 25] when determining the TL with the WBM. The av-
erage sound pressure levels in the rooms are determined
analytically over the entire volume of the rooms, thus
avoiding uncertainties related to the spatial sampling of
the sound field in measurements. Furthermore, only one
source position has been used in the WBM in this pa-
per, unless stated otherwise. While the WBM results are
thus not entirely representative for standardized labora-
tory measurements, it can give good insight in the effects
of geometrical parameters like room and plate dimensions
on the TL. The influence of several parameters related to
the measurement set-up on the repeatability and repro-
ducibility has been thoroughly discussed in [26] and [27].
Variations related to the source and microphone positions
are mainly important below the Schroeder frequency of
the rooms and the reproducibility uncertainty is generally
much larger than the repeatability uncertainty.

3. Test panels

Four types of double walls are considered in this paper:
a double aluminum panel, a wooden floor, double gyp-
sum fiberboard walls with a steel stud frame, and a dou-
ble gypsum fiberboard wall with a timber stud frame. The
aluminum panel has been extensively investigated in [14].
The wooden floor is based on the structure investigated in
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Table 1. Material properties of the test panels used in the simula-
tions.

p [kg/m?] E [MPa] n[-] v[-]
Aluminum 2742 70000 0.01 0.33
Wood (plate) 500 6550 001 030
Wood (stud) 500 9800 0.015  0.30
Gypsum 720 2500 003 030
(steel stud)
Gypsum 1225 4400 003 030
(timber stud)

[11]. The double gypsum fiberboard walls with steel studs
were part of a measurement campaign carried out previ-
ously at the Laboratory of Acoustics of KU Leuven. The
double wall with a timber stud frame has been used in an
experimental investigation in [28]. The TL of the struc-
tures is simulated with the WBM and two different infinite
plate models: the decoupled model of Davy [7] and the
infinite periodic plate model of Legault and Atalla [14].

3.1. Aluminum panel

First, a double aluminum panel is considered which has
been investigated by means of numerical simulations and
experiments in [14]. The panel is made up from two
1220 mm x 2030 mm aluminum plates with thickness 1
and 2 mm separated by a 50.8 mm cavity filled with a fi-
brous material. The aluminum panels, with material prop-
erties given in table I, are linked with five C-section alu-
minum channels spaced by a distance of 508 mm. The
channels are modeled as line connections with a transla-
tional stiffness K/ = 22.8 - 10° N/m? and a rotational stiff-
ness K/ = 3.675-10° Nm/rad m in the periodic model and
WBM as suggested in [14]. The model of Davy only ac-
counts for a mechanical compliance C; = 1/K;]. Contrary
to [14], the same value K| = 22.8 - 10° N/m? is used in
the model of Davy. The fibrous material in the cavity is
modeled as an equivalent fluid. The adjusted wave num-
ber and damping of the fluid has been calculated with the
Biot-Johnson-Allard model [29] using following material
properties [14]: flow resistivity ¢ = 17700 Ns/m*, tortu-
osity a,, = 1.0, porosity ¢ = 0.91, viscous characteris-
tic length A = 128 um, and thermal characteristic length
N =376 ym.

3.2. Wooden floor

Second, a wooden floor is considered, consisting of 25 mm
matched boards in floor and ceiling. The boards are cou-
pled by wooden studs with height &, = 220mm (equal
to the cavity depth), width wy, = 67 mm and spacing dis-
tance d = 600 mm. The cavity is filled with a fibrous ma-
terial, which is modeled by means of the same equivalent
fluid model as described in section 3.1. The wooden studs
are modeled as either rigid line connections or beams. In
the WBM, a floor with dimensions 3m by 4m is con-
sidered with seven 3 m long studs placed symmetrically
around the middle of the floor. The material properties
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used for the wooden studs and ceiling boards are given
in table I. When modeling the wooden studs as separate
beam elements, following mechanical properties are used:
I, = wbhg/IZ =5945-107m*, J, = 0.2694hbws =
1.783 - 1075 m*, I,, = 0, m|, = pywph, = 7.37kg/m, and
Il = powohy (wg + hY) /12 = 3.248 - 102 kgm.

3.3. Plasterboard walls with steel stud frame

Third, a number of double gypsum plasterboard walls
with width 3.25m and height 2.95m is considered.
The first double gypsum plasterboard wall, denoted by
12.5/45/12.5 mm, has a cavity thickness of 45mm and
12.5 mm thick leafs. The cavity is either empty or filled
with a 40 mm mineral wool layer. The second wall, de-
noted by 3x12.5/100/3x12.5 mm, has a cavity thickness of
100 mm with three 12.5 mm thick gypsum plasterboards
screwed on each side. The cavity is either empty or filled
with a 75 mm mineral wool layer. The leafs are screwed
to a steel stud frame consisting of a top and bottom rail-
ing and 7 vertical steel studs type CW. Two of the vertical
studs are fixed to the concrete frame of the laboratory. A
sealant is attached to the back of these studs to avoid leak-
age. The central 5 studs are placed symmetrically with a
spacing of 60cm. The distance between screws is 25 cm
for the outer leafs. For the inner leafs of the second wall,
the screw distance is 75 cm. The plasterboard plates have a
nominal surface mass of 9 kg/m?. The material properties
used in the simulations for the gypsum plasterboard leafs
are given in table I. For the second double wall, the leafs of
the double panels are modeled as one equivalent thin plate
with thickness 37.5 mm, adjusting the Young’s modulus to
278 MPa to account for the discrete coupling. The min-
eral wool is taken into account by modeling the air in the
cavity as an equivalent fluid. It is thus implicitly assumed
that the mineral wool fills the entire cavity. The model of
Biot-Johnson-Allard [29] is used with following material
properties: 6 = 10000Ns/m*, a,, = 1.05, ¢ = 0.98,
A = 150 ym, and A’ = 300 ym. Numerical simulations
have shown that this equivalent fluid model is a good ap-
proximation of a full Biot model for poro-elastic layers
when no mechanical coupling exists between the absorb-
ing layer and the plates [30]. For the walls with empty
cavity, damping in the air layer is accounted for by us-
ing a frequency dependent absorption coefficient a(f) for
the inner surfaces of the leafs [26]. The absorption is uni-
formly distributed over the air cavity (with volume V' and
depth d), by making the wave number in air complex ac-
cording to equation (2). The equivalent reverberation time
of the cavity T,,(f) is determined from

0.16V _ 0.16d
Aeg(f)  2a5(f)

with A.,(f) the equivalent absorption area of the cavity
and

Teq(f) =

(29)

as(f) = Co f*4. (30)

The frequency dependency of the absorption coefficient
is chosen such that the attenuation constant changes with

470

Document downloaded by @DAEL, 2026-06-01 16:15:54 - personal use only

Dijckmans: Insulation of double walls

frequency as given by the empirical model of Delany and
Bazley [31] for the wave propagation in porous materials.
The parameter C,, which is related to the amount of vis-
cous damping and the roughness of the surfaces, is taken
equal to 0.0005 for the plasterboard walls with empty cav-
ity [26].

3.4. Plasterboard wall with timber stud frame

Finally, a plasterboard wall with a timber stud frame
is considered, which was used in an experimental
study by Roozen et al. [28]. The wall (width 3.71m,
height 2.77 mm) consists of 12.5 mm gypsum fiberboards
screwed on a timber frame with timber studs (h, =
160 mm, w, = 80 mm) and spacing distance d = 600 mm.
The cavity with depth 160 mm is entirely filled with glass
wool with density 12.5kg/m3. To investigate the influ-
ence of panel fastening, the fiberboards were fastened with
screws in different configurations changing the number
of screws and the tightness of the screws. In this paper,
only configurations 1 and 4 [28, Table 1] are considered
with the minimum and maximum number of screw con-
nections. In configuration 1, the plaster boards (three in
total on each side) are only fixed in each corner by screws
at the top and bottom, at a distance of 140 mm of the
panels edge. In configuration 4, seven rows of screws are
used to fix the panels to the studs. A detailed description
of the test specimen and mounting configurations can be
found in [28]. In the WBM, the timber frame studs are
modeled as rigid line connections or as separate beam el-
ements. The material properties used in the simulations
for the wooden studs and gypsum fiberboard leafs are
given in table I. The glass wool is modeled by means of
the same equivalent fluid model as described in section
3.3, but reducing the flow resistivity to & = 5000 Ns/m*.
Following mechanical properties are used for the beams:
I, =2731-107m*, J, = 0.229h,w; = 1.876 - 107> m*,
I, =0, m = 6.4kg/m, and I = 1.707 - 10~ kg m.

4. Numerical results and discussion

In this section, the test panels described in the previ-
ous section are used to numerically analyze the sound
transmission through double walls with structural connec-
tions. First, results of the WBM are compared with infi-
nite plate models. The structure-borne transmission path
is compared separately to investigate differences between
the models and analyze the validity of the decoupled ap-
proach. Afterwards, the difference between a simplified
rigid stud model and a more detailed beam model is in-
vestigated. Finally, a parametric study shows the influence
of stud distance, edge connections, and room dimensions
on the TL.

4.1. Comparison with infinite plate models

The TL of the aluminum double panel is calculated with
the decoupled approach of Davy [7], the periodic model
of Legault and Atalla [14] and the WBM. While results
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Figure 2. TL of the structure-borne transmission path through the
studs of the aluminum double panel. Simulation results for the
decoupled model of Davy [7], the infinite periodic plate model
of Legault and Atalla [14], and the WBM in 1/12 octave bands.

are only shown for the double aluminum panel, a similar
analysis has been performed for the wooden floor and the
double plasterboard walls, from which the same general
conclusions can be drawn.

First, the structure-borne transmission path through the
structural connections is studied separately, thus not tak-
ing into account the airborne transmission path. For the
decoupled approach of Davy, the calculation is straightfor-
ward as the structure-borne transmission coefficient is de-
termined separately in the model. For the WBM, the plate
equations (12) and (13) are adjusted by disregarding the
effect of the cavity pressure p®. Similar adjustments can
be made to the infinite periodic plate model of [14]. For the
infinite plate models, field incidence is assumed with an-
gles of incidence ranging from 0° to 78°. In the WBM, fol-
lowing dimensions have been assumed for the source and
receiving room: Lil) xL(yl) X L(zl) =335mx3.0mx5.09 m
and LY x LY x LY =335m x 3.0m x 6.09m, with a
horizontal offset of 0.25 m between the two rooms to re-
duce the modal coupling. The source is placed in the back
corner of the source room and the TL is determined by
measurement formula (28).

Figure 2 shows the TL of the structure-borne transmis-
sion path through the aluminum panel. The three models
agree fairly well over the entire frequency range of inter-
est. The decoupled approach of Davy disregards the pe-
riodic behaviour of the plate and therefore cannot predict
the dips and peaks associated with the pass-and-stop bands
of the structure. The dips around the pass bands are most
pronounced in the periodic model results. The dips are
still visible in the WBM results at low and mid frequen-
cies, but the oscillations in the WBM results are negligi-
ble above 800 Hz. As stated by Craik and Smith [32], the
TL features with well defined dips and peaks predicted for
periodic structures is usually not observed for real struc-
tures, as they are not sufficiently well built that they can
be considered periodic. These simulations indicate that the
non-observation of the dips and peaks can furthermore be
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Figure 3. Airborne, structure-borne and total TL of the aluminum
double panel. Simulation results for (a) the decoupled model of
Davy [7], (b) the infinite periodic plate model of Legault and
Atalla [14], and (c) the WBM in 1/12 octave bands.

related to the finite dimensions of real structures. Due to
the limited amount of studs, the pass-and-stop band be-
haviour cannot fully develop. The dips and peaks will
be smoothed by averaging the results in one-third octave
bands. The decoupled approaches like the model of Davy,
which are mainly of interest for predictions in one-third
octave bands, will therefore also agree better with band-
averaged TL values.

Figure 3 compares the total transmission loss of the alu-
minum double panel with the structure-borne transmission
loss TLg of Figure 2 for the two infinite plate models and
the WBM. The TL of the aluminium panel without struc-
tural connections is also shown, representing the transmis-
sion loss TL, of the airborne transmission path. For the
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infinite plate models, TL, has been calculated with the
transfer matrix method (TMM) [29]. Below 400 Hz, the
airborne transmission path is dominant. At higher frequen-
cies the structure-borne transmission across the channels is
more important. For the decoupled approach (Figure 3a),
the total TL is always lower than both the airborne and
structure-borne TL due to the inherent assumption of the
model that TL = —101g (107™+/10 4 10-TL/19) " At the
bridge frequency of 335 Hz where TL, equals TL, the to-
tal TL is 3dB lower than TL, = TLs. For the periodic
model (Figure 3b) and the WBM (Figure 3c), the total
TL is still determined by the dominant transmission path,
but it can be higher than the airborne or structure-borne
TL. This shows that there is an interaction between the
airborne and structure-borne transmission path which is
neglected in the decoupled approach. At low frequencies,
the structural connections can improve the TL of the dou-
ble wall without connections due to an increased stiffness.
This is in agreement with the experimental observation of
Hongisto et al. [1]. Similarly, at higher frequencies the air
in the cavity can slightly restrict the movement of the pan-
els, thus reducing the vibrations of the second panel trans-
mitted by the structural connections.

The main restriction of the WBM is that it is compu-
tationally more expensive than the infinite plate models,
especially when a large number of room and plate modes
have to be taken into account, i.e. for structures with low
stiffness and at higher frequencies. Table II gives an idea
of the relative computation times for the three models on
a standard pc to calculate the TL of different structures
considered in the paper. While the WBM calculation time
increases significantly at higher frequencies, the WBM is
computationally very efficient at low frequencies. Further-
more, the WBM is computationally more efficient com-
pared to classical numerical methods like the finite ele-
ment method [33] and thus more suitable to investigate
the influence of geometric parameters like room and plate
dimensions or stud location in a broader frequency range.

4.2. Rigid line connections versus beams

Here, the wooden floor of section 3.2 is considered. The
TL of the wooden floor is calculated with the periodic
model of Legault et al. [14] and the WBM. In the WBM,
the wooden floor is placed between two rooms with width
3 m and length 4 m. The source and receiving room have a
height of 6.09 m and 5.12 m, respectively. Figure 4 shows
the predicted TL when the wooden studs are either mod-
eled as rigid line connections or as separate beam ele-
ments. As a reference, the TL of the wooden floor with-
out structural connections is also shown. The mass-spring-
mass resonance dip is visible around 40 Hz for the floor
without studs. The coincidence dip of the wooden boards
is observed around 630-800Hz. The wooden studs in-
fluence the TL in the entire frequency range of interest.
The structure-borne sound transmission is dominant above
63 Hz. Below 63 Hz, the studs improve the TL thanks to
the increased stiffness. Above the coincidence dip, the
general trends are the same for the periodic model and the
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Figure 4. (a) Infinite periodic plate simulations and (b) WBM
simulations in 1/3 octave bands of the TL of the wooden floor
without and with wooden studs modelled as rigid line connec-
tions or beams.

WBM. At lower frequencies, the WBM results are on av-
erage 5 — 10dB higher than the infinite plate results due
to the diffraction effect at the edges of the structure. The
periodic model predicts two additional dips at 280 Hz and
1500 Hz linked to structural resonances and pass bands of
the periodic structure. This pass- and stop-band behaviour
is not seen for the finite plate with seven rigid studs. Be-
low 100 Hz, the WBM fluctuations reflect the modal be-
haviour of the finite structure and the rooms. When com-
paring the rigid line models with the beam models, slight
differences can be observed. Above 250 Hz (for the peri-
odic plate model) and 500 Hz (for the WBM), the TL is
approximately 3 dB larger for the beam model in most fre-
quency bands thanks to the additional mass of the wooden
studs. The periodic model predicts a slightly lower TL for
the beam model between 50 Hz and 250 Hz. At very low
frequencies, no differences are seen in the periodic model
results. The beams can however influence the modal be-
haviour of the double wall which determines the TL at low
frequencies. As a result, larger differences are observed
between the two WBM models below 100 Hz.

4.3. Influence of stud spacing

Figure 5 shows the influence of the spacing between the
wooden studs on the TL of the wooden floor. Three dif-
ferent stud spacings are considered: 0.6 m (the reference
value), 0.9 m and 1.2 m. The studs are modeled as rigid
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Table II. Computation times for the decoupled model of Davy [7], the infinite periodic plate model of Legault and Atalla [14], and the
WBM to calculate the TL at 100 Hz, 500 Hz and 1000 Hz of different structures on a HP notebook with Intel(R) Core(TM) i7-6500U

2.50 GHz processor.
Decoupled model Periodic model WBM
100 Hz 500 Hz 1000 Hz 100 Hz 500Hz 1000 Hz 100 Hz 500 Hz 1000 Hz
Aluminum panel 0.19s 0.048 s 0.022s 0.73s 1.1s 29s 0.10s 11s 74s
‘Wooden floor (rigid) 0.12s 0.030s 0.051s 041s 4.1s 11s 0.032s 0.19s 3.7s
Wooden floor (beam) - - - 3.5s 16s 18s 0.073s 0.35s 52s
lza;t/irsb/‘g“; :;111 03ls  0065s 004ls | 41s  066s  052s | 0056s  60s 46
line connections. In the WBM model, the floor (length 3 m
and width 4 m) has seven, five and four wooden studs, re-
spectively. For each test case, the 3 m long studs are sym- or o comnectons, TV
metrically placed around the middle of the floor. @60 ---d=90cm
In the model of Davy (Figure 5a), the stud spacing de- Tl 77T d=1200m
termines the amount of line couplings per area and thus the é w0l
amount of structure-borne sound transmission. The larger 2
the spacing between the studs, the larger the structure- é sor
borne TL which dominates above 40 Hz. This behaviour is §20f
not observed in the periodic plate (Figure 5b) and WBM 0
(Figure 5c) results. In the periodic model (Figure 5b),

the stud spacing has little effect on the TL at and above
the coincidence dip around 630-800 Hz. At mid frequen-
cies, the TL changes drastically as the stud distance de-
termines the pass- and stop-bands of the periodic floor.
The mass-spring-mass resonance frequency of the wooden
floor without studs around 40 Hz increases to approxi-
mately 80Hz, 125Hz, and 260 Hz for the stud spacing
of 1.2m, 0.9m, and 0.6 m respectively. The studs act as
an added stiffness in parallel with the stiffness of the air
in the cavity. As a result, the mass-spring-mass resonance
frequency of the double panel increases [12, 34].

The WBM results (Figure 5¢) follow the general trends
of the periodic model. The TL is almost independent of
the stud spacing above 500 Hz. At mid frequencies, dips
can be observed in the TL for the cases d = 90cm and
d = 120 cm at similar frequencies like the periodic plate
results, although the resonances are less pronounced. The
results of the periodic model and the WBM confirm the
findings of the experimental study of Hongisto et al. [1].
The effect of the spacing of wooden studs was the largest
at low and mid frequencies where a shift in resonance dips
was seen. At higher frequencies, the influence was very
small with only a slight increase in TL with increasing stud
distance.

4.4. Influence of edge connections

When mounting lightweight double walls, studs are usu-
ally placed at the vertical edges of the wall. Similarly, top
and bottom railings are needed, especially in the case of
a steel stud frame. The additional vibration transmission
through the peripheral studs can be larger than transmis-
sion through central studs due to the higher plate mobil-
ity at the edges [35]. Secondly, the peripheral studs and
railings are usually connected to the laboratory frame. As
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Figure 5. Influence of stud spacing on the TL of the wooden floor.
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(c) the WBM in 1/12 octave bands.
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Figure 6. TL of the double gypsum fiberboard wall 12.5/
45/12.5 mm with cavity absorption. WBM simulations in 1/3 oc-
tave bands without structural connections and with edge connec-
tions.

a result, the vibrations can be transmitted between the
wall leaves via the frame of the laboratory test opening.
While the first effect is only important for double walls
mounted on a single frame, the structural transmission
path around the edges through the laboratory frame will
also be important for double lightweight walls mounted
on double frames. The results of an inter-laboratory test
for lightweight walls [36] indicate that structural coupling
around the perimeter can significantly alter the TL over the
majority of the building acoustics frequency range. The
amount of coupling strongly depended on the type of lin-
ing material used around the perimeter of the aperture.
The simulation results in Figure 6 confirm the important
influence of edge connections on the TL of lightweight
walls. The TL of the double gypsum fiberboard wall
12.5/45/12.5 mm with cavity absorption has been simu-
lated with the WBM. In the first model, no structural con-
nections are taken into account. The second model incor-
porates edge connections around the perimeter of the wall
with dimensions 3.25m x 2.95m. The edge connections
are modeled as rotational spring with zero compliance,
meaning that the rotation of the two panels will be the
same at the edges and vibrations can be transmitted by
bending moments. The edge connections clearly reduce
the TL from 400 Hz upwards.

4.5. Influence of room dimensions

The room dimensions will influence the measured TL,
especially below the Schroeder frequency of the rooms.
For single walls with a low modal density and for double
walls, the variance caused by different room dimensions
may be important even above the Schroeder frequency
of the rooms [27]. In this section, the influence of the
source room dimensions on the TL of the double plaster-
board wall 3x12.5/205/3x12.5 mm with or without cavity
absorption is investigated. In the models, the central studs
are either neglected, thus only taking into account the air-
borne transmission path, or modeled as line connections
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bands.

with a frequency dependent, equivalent translational stift-
ness K{(f) according to [8, 20, 21],

IgK| = 0.6286x> — 4.4051x% + 10.3323x — 2.0722 (31)

with x = 1g f, and no rotational stiffness (K] = 0). Edge
connections are disregarded in all the models. The ef-
fect of the source room dimensions is analysed by means
of Monte Carlo simulations. The TL is calculated for 50
different source rooms. While varying the dimensions of
the source room, the dimensions of the receiving room
(width 4.0 m, height 3.4 m, length 5.25m) and the plate
dimensions (3.25m x 2.95m) are fixed. In each case, the
transmission coefficient is averaged for 5 randomly chosen
source positions at a distance of minimum 0.7 m from the
room boundaries and the other source positions. All rooms
have a volume of at least 50 m* and a frequency indepen-
dent value of 1.5s is used for the reverberation time so
that the requirements of the standard ISO 10140 [25] for
laboratory TL measurements are met.

Figure 7 shows the mean value and standard deviation
of the ensemble for the four different double plasterboard
walls. Generally, the TL is the highest for the wall without
studs and with cavity absorption (Figure 7a). The lowest
TL is predicted for the wall with studs and without cavity
absorption which agrees with measurement results [1] and
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results from classical models [2, 5, 6] found in literature.
In the case of an empty cavity, the influence of the studs
is however small as the airborne transmission path is still
important at lower frequencies. When placing absorption
in the cavity, the airborne path is diminished and the influ-
ence of the studs is larger. The cavity absorption improves
the TL of the double wall without studs by 15 — 20dB,
while the TL of the double wall with studs only increases
by 5 — 10dB. Figure 7b shows that the variability with
room dimensions generally decreases with frequency as
expected. The standard deviation is the largest for the dou-
ble walls without cavity absorption, with values around
4 dB below 100 Hz. At higher frequencies, the variability
is still significant and the largest values are found for the
double wall with empty cavity and without studs. Includ-
ing studs or cavity absorption decreases the influence of
the room dimensions on the TL.

These results illustrate the theoretical variation in TL
that can be expected by changing the source room dimen-
sions, under the assumption that the measurement error re-
lated to spatial sampling of the sound field is zero. In mea-
surements, the true average sound pressure levels in the
rooms are not known. Estimations based on a limited num-
ber of microphone positions generally increase the uncer-
tainty. The reproducibility uncertainty related to geomet-
rical parameters like room dimensions is however much
larger than the repeatability uncertainty related to micro-
phone positions, especially for the case of lightweight dou-
ble walls [27].

5. Experimental validation

5.1. Aluminum double panel

A first validation example considers the double aluminum
panel described in section 3.1. The TL of the same dou-
ble aluminum panel without channels was also measured
in [14]. Figure 8a shows the measured 1/12 octave band
TL for the panel without channels, together with TMM
and WBM predictions. For the TMM, field incidence is
assumed with angles of incidence ranging from 0° to
78°. The setup of the WBM has been described in sec-
tion 4.1. The TMM results agree reasonably well with the
measured TL. Between 1000 Hz and 5000 Hz, the TL is
slightly overestimated, which is possibly related to struc-
tural flanking transmission around the edges of the panel
in the measurement setup. The WBM results converge to
the TMM results above 500 Hz. The overestimation of the
WBM below 200 Hz can be attributed to the fact that no
detailed information was available on the measurement
setup and transmission rooms. The room dimensions have
been randomly chosen. Furthermore, it is assumed that the
TL is measured according to the pressure method of ISO
10140 [24], which leads to higher TL values compared to
the intensity method of ISO 15186 [37] at low frequen-
cies [27]. Between 200 Hz and 500 Hz, the WBM predicts
slightly higher TL values than the TMM and agrees bet-
ter with measurement results. The coincidence dip around
6300 Hz is well predicted by both models.
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Figure 8. Measured and simulated TL (taken from [14]) of the
aluminum double panel (a) without channels and (b) with 5 C-
section channels.

For the aluminum panel with channels (Figure 8b), the
decoupled model of Davy underestimates the TL below
the coincidence dip. This may be partly explained by an
underestimation of the actual plate damping or the fact
that the mass of the channels is neglected. The periodic
model gives reasonable agreement in most of the fre-
quency range considered. While there is a good agree-
ment between measurement and periodic model results
around the first pass band dip at 400Hz, the dips pre-
dicted at higher frequencies are not observed in the mea-
surement results. As a result, the model slightly underes-
timates the TL between 500 Hz and 3000 Hz, where the
TL is dominated by structure-borne sound transmission
across the channels. Increasing the plate damping or in-
cluding the mass of the channels would increase the pre-
dicted TL. At higher frequencies, there is a good agree-
ment and the coincidence dip at 6300 Hz is well predicted.
The WBM results correspond well with the measured TL
in a broad frequency range with only an underestima-
tion around 4000 Hz. Again, the pass- and stop-band be-
haviour predicted with the periodic model is not observed
as clearly in the WBM results. Below 200 Hz, the WBM
overestimates the TL like for the panel without channels.
At high frequencies, the WBM results converge to the re-
sults of the decoupled model of Davy.
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5.2. Plasterboard walls with steel stud frame

Secondly, the double gypsum plasterboard walls described
in section 3.3 are considered. The TL was measured in
the large transmission opening of the reverberation cham-
bers of the Laboratory of Acoustics at KU Leuven with
the pressure method according to ISO 10140 [24]. The
transmission opening has a width of 3.25m and a height
of 2.95m.

The TL of the different double gypsum fiberboard walls
is simulated with the WBM (Figure 9). Details of the re-
verberation chambers and the geometry of the wave based
model can be found in [26]. Four different models have
been set up:

1. a reference model without structural connections;

2. a model where the 5 central steel studs are modeled as
rigid line connections and edge connections are disre-
garded;

3. a model where the 5 central steel studs are modeled as
spring line connections and edge connections are disre-
garded;

4. a model where the 5 central steel studs are modeled as
spring line connections and rigid edge connections are
incorporated.

For the spring line connections in model 3 and 4, a fre-

quency dependent, equivalent translational stiffness K (f)

according to equation (31), and no rotational stiffness (K]

= 0) is used. The connections at the four edges in model

4 are modeled as a rotational spring with zero compliance

(C=0).

For the wall 12.5/45/12.5 mm without cavity absorp-
tion (Figure 9a), the WBM without structural connections
already gives good agreement in most of the frequency
range. This indicates that the airborne transmission path is
dominant for this wall. Indeed, the influence of the struc-
tural connections is limited in the WBM results, although
the rigid line connections give an underestimation of the
TL at high frequencies. Furthermore, the TL predictions
increase around the mass-spring-mass resonance dip at
125-160 Hz when taking into account structural connec-
tions and better agreement is achieved with measurement
results. Again, this confirms that structural connections
can improve the TL below and around the mass-spring-
mass resonance frequency due to the increased stiffness of
the double wall.

When the cavity is filled with mineral wool (Figure 9b),
the airborne transmission path is reduced and the structure-
borne transmission path is more important. Below the
mass-spring-mass resonance frequency, the TL is again
underestimated by the WBM without structural connec-
tions, while the other models with structural connections
give better agreement. The WBM without structural con-
nections agrees well with the measurement results be-
tween 125Hz and 250 Hz, indicating that the airborne
transmission is dominant. In this frequency range, the
structural connections do not influence the sound transmis-
sion significantly, although the WBM with spring line con-
nections underestimates the TL. Structure-borne transmis-
sion across the studs is important from 250 Hz upwards.
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For the double walls 3x12.5/100/3x12.5 mm with empty
cavity (Figure 9c) and with cavity absorption (Figure 9d),
the mass-spring-mass resonance frequency is significantly
lower. As a result, the structure-borne sound transmis-
sion is dominant in the entire frequency range of inter-
est, even for the double wall with empty cavity. In the
frequency range where structure-borne sound transmission
dominates, i.e. 315—5000 Hz for the wall 12.5/45/12.5 mm
with cavity absorption and 50-5000Hz for the walls
3x12.5/100/3x12.5 mm, the TL is strongly influenced by
the type of structural coupling. When the studs are mod-
eled as rigid line connections, the structure-borne sound
transmission is overestimated and the overall TL is un-
derestimated. The equivalent translational spring model
overestimates the TL at higher frequencies. Generally,
the model with spring line connections and edge connec-
tions agrees best with the measurement results. These re-
sults indicate that vibration transmission around the edges
through the concrete frame of the laboratory were impor-
tant at mid and high frequencies for these double walls
with high direct sound insulation. It can be noted that the
assumption of a perfect line connection can be questioned,
especially at higher frequencies, knowing that the panels
are only fixed at discrete positions to the studs [4, 38].
In general, the structure-borne sound transmission can be
influenced by small details, as observed in experiments
[1, 28] and round robin tests [39]. The loss factor of the
plates, which was estimated in the model, may also influ-
ence the TL significantly [17].

5.3. Plasterboard wall with timber stud frame

Finally, the timber stud wall described in section 3.4 is
considered. The TL was measured in the test facility at
TGM, Vienna [28], according to ISO 10140 [24]. The
source and receiving room have a depth of respectively
5.24m and 5.90 m and a height of respectively 2.81 m and
2.82m. The width of the rooms is equal to the width of
the wall (3.71 m). Figure 10 shows the measured TL for
two configurations of panel fastening (i.e. configuration 1
and 4 of [28, table 1]), revealing that the arrangement of
the screws has a considerable influence. The TL of the two
configurations with the minimum and maximum number
of screws differs up to 15 dB.
Four WBM models have been set up to simulate the TL:
1. areference model without structural connections;
2. a model where the timber studs are modeled as rigid
line connections;
3. a model where the timber studs are modeled as beam
elements;
4. a model where the timber studs are disregarded and 8
rigid point connections are incorporated at the position
of the screws of configuration 1.

In total, nine studs are incorporated in model 2 and 3:
seven vertical studs with spacing distance 625 mm (includ-
ing the studs at the vertical edges), and two horizontal
studs at the top and bottom. The fourth case is included
as an alternative model of configuration 1, as it is expected
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Figure 9. WBM simulations and experimental results in 1/3 octave bands of the TL of double gypsum fiberboard walls with steel studs.
(a) 12.5/45/12.5 mm without cavity absorption, (b) 12.5/45/12.5 mm with cavity absorption, (c) 3x12.5/100/3x12.5 mm without cavity

absorption, and (d) 3x12.5/100/3x12.5 mm with cavity absorption.
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Figure 10. Measured TL (taken from [28]) and WBM simula-
tions in 1/3 octave bands of the plasterboard wall with timber
stud frame. Configuration 1 with screws at bottom and top only
and configuration 4 with 7 rows of screws firmly fixed.

that the assumption of a perfect line coupling between the
studs and the plates may not be valid [4, 35].

The reference model without structural connections
overestimates the TL in the entire frequency range of in-
terest, indicating the important influence of the timber stud
frame. Even when the plaster boards are only fixed in the
corners (configuration 1), the structural connections can-
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not be neglected, especially at higher frequencies. This is
also illustrated by the significant decrease in the predicted
TL when 8 rigid point connections are included in the
WBM. The WBM with rigid line connections agrees rea-
sonably well with the measured TL of configuration 4 up
till 315 Hz, but clearly underestimates the TL at higher fre-
quencies. There is a better agreement above 500 Hz when
the timber studs are modeled as separate beam elements,
although the TL is still underestimated by 5 dB on average.
The WBM disregards the discrete screw connections be-
tween the panels and the studs. The measurement results
of Roozen et al. [28] clearly show that small details like
screw connections and panel fastening can influence the
structure-borne sound transmission, especially at higher
frequencies. It is therefore difficult to accurately predict
the TL in this frequency range as these details are not in-
corporated in the current model. While the assumption of
line connections can give reasonable results in some cases,
more detailed models should be developed, including for
example rigid or spring point connections between plates
and beams.

6. Conclusions

In this paper, the wave based methodology has been ex-
tended for the investigation of the sound transmission
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through double walls with structural connections. The de-
terministic model accounts for the modal behaviour of the
rooms and the structure. Comparison between WBM re-
sults and infinite plate results show that the finite dimen-
sions of the walls can have a significant influence on the
sound insulation, both at low frequencies and at higher
frequencies. The pass- and stop-band behaviour observed
for infinite periodic structures cannot fully develop in fi-
nite double walls. Below 250 Hz, the modal behaviour of
the rooms will also play a role. The variability with room
dimensions is the largest for double walls without cav-
ity absorption. At and below the mass-spring-mass reso-
nance frequency, the TL is improved thanks to the stiff-
ness provided by the studs. For double walls with cav-
ity absorption, the structure-borne transmission is dom-
inant above a certain bridge frequency, which is deter-
mined by the specific configuration of the double wall and
the structural connections. In this frequency range, the TL
is influenced by the type of structural coupling (point or
line connections, rigid, spring or beam connections), mak-
ing accurate predictions difficult in building acoustical ap-
plications. Structure-borne sound transmission around the
perimeter of the walls may also be important at mid and
high frequencies. The stud spacing can influence the reso-
nant behaviour of the TL at low and mid frequencies, but
has limited effect at higher frequencies.
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